Either of the first two introns of the Arabidopsis tryptophan pathway gene PAT1 elevates mRNA accumulation from a PAT1:␤-glucuronidase (GUS) fusion roughly 5-fold without affecting the rate of PAT1:GUS transcription. To further explore the mechanism of this intron-mediated enhancement of gene expression, we wanted to determine whether splicing or specific intron sequences were necessary. In-frame derivatives of PAT1 intron 1, whose splicing was prevented by a point mutation or large deletions, were able to increase mRNA accumulation from a PAT1:GUS fusion, demonstrating that splicing per se is not required. Furthermore, each of a series of introns containing overlapping deletions that together span PAT1 intron 1 increased PAT1:GUS mRNA accumulation as much as the full-length intron did, indicating that all intron sequences are individually dispensable for this phenomenon. These results eliminate the simple idea that this intron stimulates mRNA accumulation via a unique RNA-stabilizing sequence or through the completed act of splicing. However, they are consistent with a possible role for redundant intron sequence elements or an association of the premRNA with the spliceosome.
Introns are documented in many cases to have a large positive effect on gene expression in a broad range of organisms including nematodes, insects, and mammals (Buchman and Berg, 1988; Chung and Perry, 1989; Meredith and Storti, 1993; Okkema et al., 1993) . In plants, the inclusion of one or more introns in a gene construct usually leads to increased accumulation of mRNA and protein relative to similar fusions that lack introns (for review, see Koziel et al., 1996; Simpson and Filipowicz, 1996) . This effect has been termed intron-mediated enhancement (IME) of gene expression (Mascarenhas et al., 1990) .
Introns known to stimulate expression in monocots include those from the maize Adh1, Sh1, Bz1, Hsp82, actin, and GapA1 genes (Callis et al., 1987; Luehrsen and Walbot, 1991; Maas et al., 1991; Sinibaldi and Mettler, 1992; Donath et al., 1995) and the rice salT, Act1, and tpi genes (McElroy et al., 1990; Xu et al., 1994; Rethmeier et al., 1997) . Similarly, dicot introns that elevate expression include those from the petunia rbcS gene SSU301 (Dean et al., 1989) , the potato ST-LS1 gene (Leon et al., 1991) , and the Arabidopsis UBQ3, UBQ10, PAT1, atpk1, A1 EF-1␣, and At eEF-1␤ genes (Curie et al., 1993; Norris et al., 1993; Zhang et al., 1994; Gidekel et al., 1996; Rose and Last, 1997) . The magnitude of IME can be more than 100-fold (Maas et al., 1991; Zhang et al., 1994) , but is more commonly in the range of 2-to 10-fold and is typically larger in monocots than dicots. While widespread, the phenomenon of IME is not universal. Plant introns that apparently fail to elevate expression include those from the bean phaseolin gene (Chee et al., 1986 ) and the maize Hsp81 gene (Sinibaldi and Mettler, 1992) , and many genes lack introns.
Very little is known about the mechanism of IME, and different introns might affect expression by different means. However, some common features have emerged from those cases in which the mechanisms have been explored. In plants, the available evidence indicates that introns act post-transcriptionally to increase mRNA accumulation, presumably by facilitating mRNA maturation or enhancing the stability of nascent transcripts. Indirect support for a post-transcriptional role is provided by the findings that introns must be contained within transcribed sequences and in the proper orientation to elevate gene expression (Callis et al., 1987; Mascarenhas et al., 1990; Clancy et al., 1994; Donath et al., 1995) , unlike transcriptional enhancers, which are usually position and orientation independent. Furthermore, a nuclear mode of action for IME is suggested in one case by the observation that the rice salT intron elevates cat gene expression but has no effect on the cytoplasmic stability of cat mRNA in cultured maize cells (Rethmeier et al., 1997) . More directly, introns were shown to increase mRNA accumulation without significantly affecting the transcription rate of the petunia rbcS gene SSU301 in tobacco (Dean et al., 1989) . Similarly, fusions of the ␤-glucuronidase (GUS) gene to the first or third exon of the Arabidopsis PAT1 gene (which encodes the Trp pathway enzyme phosphoribosylanthranilate transferase) are transcribed at comparable rates, even though only the fusions to the third exon accumulate PAT1:GUS mRNA to appreciable levels (Rose and Last, 1997) . Either of the first two PAT1 introns increases GUS activity in transgenic lines containing PAT1:GUS fusions roughly 5-fold relative to an otherwise identical fusion lacking introns (Rose and Last, 1997) , strongly suggesting that these introns stimulate mRNA accumulation by a post-transcriptional mechanism.
Another approach that has been taken to help define the mechanism of IME is to ask which features of an intron are required. Several deletion derivatives of introns from the maize Adh1 and Sh1 genes can still enhance expression (Clancy et al., 1994; Luehrsen and Walbot, 1994) , suggesting that most intron sequences are dispensable for IME. However, even though these deletions are large, they do not include all parts of the intron, leaving open the possibility that a sequence element needed for IME is present in each of the deletion-containing introns tested.
The role of intron splicing in IME has been investigated using two monocot introns. Large internal deletions of the first intron of the maize Adh1 gene that strongly reduced splicing also impaired the expression-enhancing effect of this intron (Luehrsen and Walbot, 1994) . Similarly, when the maize Hsp82 intron was rendered unspliceable by a point mutation at the 5Ј or 3Ј splice site, the ability of that intron to enhance expression was also lost (Sinibaldi and Mettler, 1992) .
While the above data are consistent with the hypothesis that IME requires intron splicing, an alternative hypothesis is also possible. If an intron contains sequences such as a stop codon, which would interfere with translation, mRNAs that retain the intron might be destabilized, obscuring the ability of the unspliced intron to stimulate mRNA accumulation. Transcripts containing premature stop codons are often rapidly degraded by the process of nonsense-mediated RNA decay (Sullivan and Green, 1993) . Therefore, the need for splicing in IME can still be considered unresolved.
To explore potential mechanisms of IME in dicots, we characterized the effects of introns on the expression of a PAT1:GUS reporter gene in transgenic Arabidopsis plants.
Here we show that either of the first two PAT1 introns elevates steady-state levels of PAT1:GUS mRNA without significantly affecting the rate of transcription, clearly establishing that these introns increase expression by a posttranscriptional mechanism. The intron features required for this enhancement were further investigated using the first PAT1 intron. To eliminate the possibility that nonsense-mediated RNA decay could influence the results, this intron was modified to maintain the reading frame of the adjacent exons of a PAT1:GUS fusion so that translation could proceed in the absence of splicing. Using mutated derivatives of this in-frame intron, we found that neither splicing nor unique intron sequences are required to increase mRNA accumulation.
MATERIALS AND METHODS

Creating Sequence Changes
All sequence changes were generated by PCR amplification using primers containing the desired alterations. Each amplified DNA was cloned and sequenced to confirm the introduction of only the intended mutations. First, a PstI site was created immediately upstream of PAT1 intron 1 and the reading frame of the intron was adjusted. This in-frame intron was subsequently used as the template for creating all other mutant introns. A PstI site into which modified introns could be inserted was introduced at the PAT1 exon 1:exon 2 junction in a 309-bp HindIII-XbaI fragment, which was then replaced into the larger context of a PAT1:GUS fusion by conventional cloning (Rose and Last, 1997).
Transformations
All PAT1:GUS fusions were inserted as KpnI fragments into the binary vector pEND4K (Klee et al., 1985) in the same orientation as pAR209 (Rose and Last, 1997) . The resulting plasmids were transformed first into Agrobacterium tumefaciens strain GV3101 (pMP90) (Koncz and Schell, 1986) by electroporation and then into Arabidopsis ecotype Columbia by vacuum transformation (Bechtold et al., 1993) . Transformed T 1 seedlings were selected on medium containing 50 mg/L kanamycin. Blots of genomic DNA from T 2 plants were probed with the GUS gene to identify lines that contain a single transgene insertion. The T 3 progeny of several self-pollinated individuals from each singlecopy line were screened for kanamycin resistance to identify homozygotes.
Expression Analysis
RNA gel blots of steady-state mRNA levels in leaf tissue of 3-week-old homozygous T 3 lines were prepared and probed as described by Radwanski et al. (1995) with a 2.2-kb GUS fragment and a 1.0-kb PAT1 cDNA fragment spanning exons 4 through 9. Nuclear run-on transcription assays were performed as described previously (Rose and Last, 1997). All quantitation was with a phosphor imager (Storm model 860, Molecular Dynamics, Sunnyvale, CA) using ImageQuant software (Molecular Dynamics).
Splicing Efficiency
Total RNA isolated from transgenic lines was digested with RQ1 RNAse-free DNAse1 (Promega, Madison, WI). Reverse transcription (RT) using primers specific for GUS RNA was performed with a RT system from Promega. The resulting cDNA was used as the template for PCR using a PAT1 exon 1 primer and a primer that anneals to GUS upstream of the RT primers. For comparison, the splicing efficiency of the first intron from the endogenous PAT1 mRNA was estimated by reverse-transcribing and PCRamplifying RNA from untransformed plants using PAT1 primers. The amplification was for 25 cycles of 94°C for 1 min, 50°C for 1 min, 72°C for 2 min, which preliminary tests indicated was within the linear range (not shown). The relative quantity of spliced and unspliced RNA was estimated by probing blots of 3% (w/v) agarose gels (NuSieve, FMC, Rockland, ME) containing the PCR reactions with an equimolar mixture of 167-bp HindIII-PstI exon 1 and 142-bp PstI-XbaI exon 2 probes. RT-PCR reactions from representative lines containing each construct were amplified for 35 cycles as above, and the products were sequenced directly.
RESULTS
PAT1 Introns Increase Expression Post-Transcriptionally
The GUS activity in transgenic lines containing PAT1: GUS fusions is increased approximately 5-fold by either of the first two PAT1 introns (Rose and Last, 1997) . To directly test the hypothesis that introns affect expression by a posttranscriptional mechanism and to rule out the possibility that the differences in GUS activity between lines were due to position effects or variations in transgene copy number, transcription rates and mRNA accumulation were measured in several homozygous, single-copy transgenic lines containing fusions that differed only in the presence or absence of an intron.
All of the constructs shown in Figure 1 are translational fusions of GUS to the same position in PAT1 exon 3 except pAR208, in which GUS is fused to exon 1. The plasmids pAR209, pAR252, pAR253, and pAR254 differ only in the introns they contain; each encodes an identical protein, they all have the same 2.4-kb PAT1 promoter, and each intron is in its natural location. The construction of these fusions has been described (Rose and Last, 1997), and single-copy transformants were identified by genomic DNA blots from among the previously reported lines.
Constructs containing either the first or second PAT1 intron (pAR253 and pAR252, respectively) yielded three to five times more steady-state PAT1:GUS mRNA in homozygous single-copy lines than the comparable fusion lacking introns (pAR254, Fig. 2A ), which is consistent with the previously observed 5-fold difference in GUS activity between these lines (Rose and Last, 1997). Fusions containing both introns 1 and 2 (pAR209) gave rise to slightly more PAT1:GUS mRNA than the constructs containing a single intron, although this effect was less than additive. The nuclear run-on transcription assays shown in Figure 2B indicate that the transgene is transcribed at virtually identical rates in lines containing pAR253, pAR254, and pAR208. (Compared with the other lines, pAR254 gave a proportionately weaker signal with all of the genes tested, indicating that less radiolabeled RNA was used in that hybridization.) While fusions containing intron 2 (pAR252 and pAR209) are apparently transcribed at modestly higher rates, these differences are insufficient to explain the differences in PAT1:GUS mRNA accumulation in these lines. Therefore, either of the first two PAT1 introns is capable of increasing mRNA accumulation by a posttranscriptional mechanism.
Modifying PAT1 Intron 1
To further explore the intron features required to enhance mRNA accumulation, the first PAT1 intron was selected because it is small (110 nt) and easy to manipulate, yet stimulates expression as much as the larger intron 2. Three minor sequence modifications were made to facilitate the use of this intron in this and other expression studies. The first enables the isolation of the intron as a PstI restriction fragment. As shown in Figure 3 , the last six nucleotides at the 3Ј end of the intron form a natural PstI restriction enzyme site (CTGCAG), and the final six bases Radiolabeled RNA synthesized by nuclei isolated from the lines indicated along the top (pAR252 line A8, pAR253 line B9, and pAR254 line B4) was hybridized to filter strips on which the DNAs listed along the left had been affixed by dot blot. The relative GUS transcription rate shown is based on the radioactivity hybridized to the GUS DNA, relative to that in the pAR208 line, corrected for variations in RNA probe intensity using the PAT1 signal. The pBI121 positive control line contains the GUS gene driven by the strong cauliflower mosaic virus 35S promoter.
at the 3Ј end of exon 1 differ from a PstI site only in the order of the first two nucleotides (TCGCAG). By reversing the order of these two nucleotides, a second PstI site was created immediately upstream of intron 1. This new site allowed the intron to be isolated as a PstI fragment, and provides a site in an intronless PAT1:GUS fusion into which modified introns can be returned to test their effect on expression in a virtually normal context. The PAT1:GUS constructs containing this new PstI site without or with intron 1 are pAR281 and pAR282, respectively (Fig. 1) .
Two additional modifications were introduced to maintain the PAT1 reading frame so that retention of the intron in an unspliced mRNA would not prevent translation of the GUS reporter. Intron nucleotides 4 and 5 were replaced with a single T residue, and one of the three T residues that form bases 66 to 68 was deleted (see Fig. 3 ). These two minor changes destroyed one stop codon, placed the remaining seven stop codons in the intron out of frame, and shortened the intron to 108 nucleotides (precisely 36 codons). This in-frame intron was inserted into the PstI site of pAR281 to make pAR284, which is otherwise identical in structure to pAR282 (Fig. 1) . The in-frame intron was the starting material for all of the derivatives described below, which were also inserted into pAR281 as PstI fragments.
For all of the constructs, differences in expression due to transgene copy number were eliminated by identifying lines homozygous for a single-copy transgene (data not shown). Expression was measured as the PAT1:GUS mRNA accumulation relative to that in the intronless fusion pAR254 line B4, the line with expression closest to the mean of the four single-copy pAR254 lines isolated. Splicing efficiency was estimated from the relative amounts of RT-PCR product derived from spliced and unspliced RNA. The results for all lines are summarized in Table I , and representative blots are shown in Figure 4 .
Splicing Is Not Required for IME
To determine if an intron could enhance expression in the absence of splicing, three mutations that abolish splicing were made in the in-frame PAT1 intron 1. In the first, the G of the conserved GU dinucleotide at the 5Ј splice site was converted to an A (Unspliceable, Fig. 3 ). Similar mutations are known to eliminate intron splicing in several Arabidopsis genes (Brown, 1996) . The other two mutations (⌬6-53 and ⌬55-102) are large deletions of the 5Ј or 3Ј half that each reduce the size of the intron to 60 nucleotides, below the lower size limit of 70 to 73 nucleotides needed for intron splicing in plants (Goodall and Filipowicz, 1990) .
RT-PCR analysis confirmed that these mutations prevent splicing. No RT-PCR product derived from properly spliced mRNA was observed from transgenic lines containing any of these mutated introns (Fig. 4A, bottom) . However, in lines containing the 5Ј intron deletion (⌬6-53), roughly one-third of the RT-PCR product was derived from aberrantly spliced RNA. This product is a result of splicing between the proper 5Ј splice site and a cryptic 3Ј splice site in exon 2, 19 bp downstream of the normal splice acceptor.
All of the "introns" rendered unspliceable by mutation were able to increase PAT1:GUS mRNA accumulation relative to the constructs lacking introns (Fig. 4A, top) , although the magnitude of the enhancement is generally less than that mediated by the wild-type or in-frame intron (Table I ). The wild-type intron is not spliced when inserted backwards in the PAT1:GUS fusion (reverse, Fig. 4A ), presumably because it lacks a 5Ј splice site in this orientation. In contrast to the other unspliced introns, this reversed intron not only failed to elevate PAT1:GUS mRNA accumulation, it reduced expression 2-fold relative to a construct lacking introns (Fig. 4A, top) . The wild-type intron in this orientation would certainly abolish translation in the absence of splicing because it contains multiple stop codons and would cause a frame shift. Therefore, splicing is not necessary for PAT1 intron 1 to elevate mRNA accumulation, but this effect can only be seen when the unspliced sequences allow translation to proceed.
Intron Sequences Are Dispensable for IME
To determine whether specific intron sequences are required for PAT1 intron 1 to mediate an increase in mRNA accumulation, four small overlapping in-frame deletions that together spanned the intron were generated (Spliceable, Fig. 3 ). The introns containing deletions of nucleotides 20 to 46, 41 to 73, and 73 to 102 are each spliced nearly as efficiently as the wild-type intron. The splicing of the intron lacking nucleotides 3 to 29 was reduced so that the intron was retained in one-half to two-thirds of the PAT1: GUS mRNA (Fig. 4B, bottom) , perhaps because the deletion creates a poor match to the 5Ј splice site consensus sequence at the ϩ4 and ϩ5 positions (Brown et al., 1996) . The ability of PAT1 intron 1 and derivatives to stimulate PAT1:GUS mRNA accumulation and to be spliced. Total RNA was subjected to RNA gel-blot hybridization (top panels of A-C) and RT-PCR (bottom panels). Each lane represents an independent singlecopy transgenic line, with the RNA and RT-PCR blots for each aligned. The RNA blots were probed with GUS and a PAT1 cDNA spanning exons 4 through 9. The lower panels show gel blots of the RT-PCR products hybridized with an equal mixture of PAT1 exon 1 and exon 2 probes. A, PAT1:GUS fusions containing unspliceable introns. The introns were inverted (reverse), had a point mutation at the 5Ј splice site (5Ј SS), or were too small to be spliced (⌬6-53 and ⌬55-102). B, PAT1:GUS fusions containing spliceable introns. See Figure 3 for deletion details. C, Control PAT1:GUS fusions. The structure of each fusion is shown in Figure 1 .
However, all four of these introns elevate PAT1:GUS mRNA accumulation as much as does the wild-type intron ( Fig. 4B, top; Table I ). The result that individual intron sequences between residues 3 and 102 are entirely dispensable for IME clearly demonstrates that if any intron sequences are involved in elevating mRNA accumulation, they must be redundant or nonspecific.
The Modifications Do Not Affect Splicing or IME
In addition to the deletions or point mutation designed to test the need for individual sequences and splicing, each of the above introns also contains the modifications to introduce a PstI site and to render the intron in-frame. To test the possibility that the ability of an intron to be spliced or to elevate mRNA accumulation is influenced by these minor modifications, the expression and intron splicing efficiency of several control fusions were compared. The wild-type intron flanked by PstI sites and the in-frame intron (fusions pAR282 and pAR284, respectively) both stimulate PAT1:GUS mRNA accumulation 4-fold or more relative to a fusion lacking introns, an effect very similar to that mediated by the wild-type intron in pAR253 (Fig. 4C,  top) . Furthermore, intronless PAT1:GUS fusions with or without a PstI site at the exon 1:exon 2 junction (pAR281 and pAR254, respectively) yield comparable amounts of PAT1:GUS mRNA (Fig. 4C, top) . These controls demonstrate that the introduced PstI site does not significantly influence the expression of the PAT1:GUS reporter in the presence or absence of an intron, and that the modifications to eliminate stop codons have little or no effect on the ability of the intron to elevate mRNA accumulation.
RT-PCR was used to determine whether these minor sequence changes affected intron splicing. More than 93% of the RT-PCR product from lines containing the modified introns (pAR282 and pAR284) is derived from spliced mRNAs ( Fig. 4C, bottom; Table I ). A similar splicing efficiency was observed for the wild-type PAT1 intron 1 in either a PAT1:GUS fusion (94.9%, pAR253) or the endogenous PAT1 mRNA in wild-type plants (94.3%, Fig. 4C,  bottom) . Furthermore, sequencing of RT-PCR products revealed that these modified introns are precisely spliced using the normal donor and acceptor sites. Therefore, none of the mutations that alter exon sequences just upstream of the intron and render the intron in-frame affect either intron splicing or IME. This means that the deletions and splice site mutation must be solely responsible for any of the observed differences between the other introns tested.
DISCUSSION
We have shown that either of the first two PAT1 introns act post-transcriptionally to increase mRNA accumulation from a PAT1:GUS fusion in stably transformed Arabidopsis, and that neither specific intron 1 sequences nor splicing per se is required for this effect. While it is likely that many other introns will share these properties with PAT1 intron 1, the possibility cannot be ruled out that more than one mechanism of IME exists.
After copy number differences were eliminated, the expression of each PAT1:GUS fusion in independent lines was remarkably similar. For all of the fusions listed in Table I except one, the most highly expressing line accumulated less than twice as much PAT1:GUS mRNA as the least active line containing the same construct. This indicates that PAT1:GUS fusions are insensitive to position effects, as previously noted (Rose and Last, 1997); therefore, reliable results can be obtained from a relatively small number of independent single-copy lines.
Specific Sequences and Splicing Are Dispensable
The finding that individual PAT1 intron sequences between residues 3 and 102 are entirely dispensable for IME is consistent with previous findings that the first introns from the maize Adh1 and Sh1 genes can tolerate large deletions and still enhance expression (Clancy et al., 1994; Luehrsen and Walbot, 1994) . If any PAT1 intron 1 sequences are involved in increasing mRNA accumulation, they must be non-specific or redundant. In light of this sequence plasticity, it is not surprising that splicing and IME are unaffected by the minor sequence alterations to introduce a PstI site adjacent to PAT1 intron 1 and to render this intron in-frame.
In contrast, the result that splicing of PAT1 intron 1 is unnecessary for IME was unexpected, because unspliceable derivatives of the first introns from the maize Adh1 (Luehrsen and Walbot, 1994) and Hsp82 (Sinibaldi and Mettler, 1992 ) genes fail to enhance expression. This apparent discrepancy can be resolved by the hypothesis that translation-blocking sequences in unspliced introns could destabilize mRNA in addition to preventing translation of the reporter whose expression is being monitored. Nonsense-mediated RNA decay might have caused the reduction in PAT1:GUS mRNA accumulation (relative to intron-lacking fusions) observed for the reversed wild-type PAT1 intron because the intron is not spliced and would abolish translation in this orientation. Similarly, the unspliceable deletion-containing derivatives of maize Adh1 intron 1 contain stop codons in all three reading frames (Dennis et al., 1984; Luehrsen and Walbot, 1994) . Because the mutated introns were located near the 5Ј end of the coding sequences, the stops they encode might be recognized as premature and trigger nonsense-mediated RNA decay. Even though the unspliceable Hsp82 introns were placed in the 5Ј untranslated region of the gene (Sinibaldi and Mettler, 1992) , they might interfere with translation of the downstream reporter because they contain at least one short open reading frame. Thus, the mRNA stabilizing effects of introns might be obscured by the destabilizing effects of early stop codons if any are present in the unspliced introns.
Possible Mechanisms of IME
Our results eliminate the simple models that PAT1 intron 1 contains a transcriptional enhancer element or that IME requires unique intron sequences or completed splicing. However, two general mechanisms for IME remain consis-tent with the ability of all of the mutated introns tested in this report to promote mRNA accumulation. One is that redundant sequence elements in introns could directly stabilize nascent transcripts, either by adopting a stable secondary structure or by providing targets for protective RNA binding factors such as oligo-U-binding proteins (Gniadkowski et al., 1996) or heterogenous nuclear ribonucleoproteins (Krecic and Swanson, 1999 ). An alternative model is that spliceosome assembly onto the introns in pre-mRNA could facilitate an association with enzymes involved in other aspects of RNA maturation known to stabilize mRNA.
Capping, polyadenylation, and export from the nucleus to the cytoplasm all increase mRNA stability, and examples from several species suggest an interconnection between these processes and splicing (Huang and Gorman, 1990; Niwa et al., 1990; Izaurralde et al., 1994 Izaurralde et al., , 1995 Lou et al., 1996; Minvielle-Sebastia and Keller, 1999) , probably involving an interaction with RNA polymerase (for review, see Bentley, 1999) . In this scenario, each of the mutated introns must retain the necessary features (such as U-richness and splice sites) to be recognized as an intron, even in the absence of splicing. The observation that unspliceable introns elevate PAT1:GUS expression to a lesser degree than the spliceable ones could indicate that splicing itself helps to stabilize mRNA or that the small size or altered 5Ј splice site of the unspliceable introns reduces their resemblance to a functional intron.
Even though the GU to AU mutation at the PAT1 intron 5Ј splice site completely eliminated the formation of spliced product, it may still allow an association of the pre-mRNA with the spliceosome. The first committed step of intron splicing is the binding of the U1 small nuclear ribonucleoprotein to the pre-mRNA via base pairing of the U1 small nuclear RNA with the 5Ј splice site (Simpson and Filipowicz, 1996) . In examples from Arabidopsis (Liu and Filipowicz, 1996) , yeast (Newman et al., 1985) , and mammals (Aebi et al., 1986) , introns containing GU to AU mutations can undergo the first splicing reaction (cleavage at the 5Ј splice site and intron lariat formation) but not the second (3Ј splice site cleavage and exon joining). In these cases, point mutation of the 5Ј terminal G must not prevent spliceosome assembly onto the pre-mRNA, perhaps because sufficient homology remains to allow annealing of the U1 small nuclear RNA with the unaffected 5Ј splice site sequences. Partially spliced PAT1:GUS products were not detected in lines containing the 5Ј splice site mutation, and at least some RNA uncleaved at the 5Ј splice site must accumulate to give the unspliced RT-PCR product seen in Figure 4A . However, this does not rule out the presence of cleaved RNA because splicing intermediates might comigrate with either the PAT1 or PAT1:GUS mRNAs and would not be amplified by RT-PCR.
Cloning Introns as PstI Fragments
The technique of flanking an intron with PstI sites demonstrated here with PAT1 intron 1 could have broad applications. The introduction of a PstI site greatly facilitated the manipulation of this intron without reducing its ability to be spliced or to elevate mRNA accumulation. Now PAT1 intron 1 can be inserted into a PstI site in any gene, thereby precisely introducing a complete natural intron with no extraneous sequences and without altering the reading frame. This may provide a means to increase the expression in plants of a transgene that otherwise lacks introns, such as a cDNA or bacterial gene, with potential scientific or agricultural benefit. It is also likely that other introns could be modified in a similar way to contain PstI sites at both ends without affecting splicing because the PstI recognition sequence (CTGCAG) is a perfect match with the consensus DNA sequences at both the 3Ј splice site (NTGCAG) and the exon sequences adjacent to the 5Ј splice site (NNN C / A AG, Brown et al., 1996) . This approach is being used to further explore the intron requirements for IME, and may prove helpful in determining what proportion of plant genes need introns for full expression.
